Two trypsins, designated as trypsin A and trypsin B, have been purified from the hepatopancreas of carp. The purification procedures consisted of ammonium sulfate fractionation, and chromatographies on DEAE-Sephacel, Ultrogel AcA54 and Q-Sepharose. Trypsin A was purified to homogeneity with the molecular mass of approximately 28 kDa, while trypsin B gave two close bands of 28.5 kDa and 28 kDa on sodium dodecylsulfate polyacrylamide gel electrophoresis both under reducing and non-reducing conditions. On native-PAGE, both trypsin A and trypsin B showed a single band. Trypsin A and trypsin B revealed optimum temperature of 40°C and 45°C, respectively, and shared the same optimum pH 9.0 using Boc-Phe-Ser-Arg-MCA as substrate. Both enzymes were effectively inhibited by trypsin inhibitors and their susceptibilities were similar. The NH 2 -terminal amino acid sequences of trypsin A and trypsin B were determined to 37th and 40th amino acid residue, respectively. Their sequences were very homologous, but not identical to that of a trypsin-type serine proteinase from carp muscle and these of other trypsins. Immunoblotting test using the antibody raised against trypsin A cross-reacted with trypsin B positively.
INTRODUCTION
Trypsins (EC 3.4.21.4) specifically hydrolyze proteins and peptides at the carboxyl side of arginine and lysine residues and play major roles in biological processes including digestion, activation of zymogens of chymotrypsin and other enzymes. Trypsins and trypsin-like serine proteinases have been isolated and characterized in many animal species such as rat, 1 dog, 2 bovine, 3, 4 porcine 5, 6 and human. 7 A few studies have also reported their research of pancreatic trypsins in fish, including sardine, 8 capelin, 9 catfish, 10, 11 Greenland cod, 12, 13 Atlantic cod, 14 and anchovy. 15 Although carp is a common species of freshwater fish, which is ubiquitously distributed, trypsins of carp have not been studied in detail. Since Cohen et al. 16, 17 first reported the purification of a trypsin from carp pancreas and we recently reported the purification, characterization of a trypsin-type myofibril-bound serine proteinase (MBP) from carp muscle, 18, 19 no related report has been found. Nevertheless, the trypsin identified by Cohen et al. was not eventually purified to homogeneity and several characteristics, especially the difference of NH 2 -terminal amino acid sequence between carp trypsin and a trypsin-type serine proteinase (MBP) still remains unknown.
In the present study, we report the purification and characterization of two anionic trypsins from the hepatopancreas of carp.
MATERIALS AND METHODS

Materials
Cultured carp Cyprinus carpio (body weight about 1.0 kg) was purchased from a local commercial supply (Nagasaki, Japan). The fish was decapitated, hepatopancreas was collected and immediately stored at -80°C until use. DEAE-Sephacel, Ultrogel AcA54, Q-Sepharose were purchased from Pharmacia Biotech (Uppsala, Sweden). 
Assay of protein concentration
Protein concentration was determined by the method of Lowry et al. 20 using bovine serum albumin as a standard.
Effects of pH and temperature
Effect of pH on the two enzymes was determined at the temperature of 37°C using 0.1 M of the following buffers: sodium phosphate buffer (pH 6.0-8.0), Tris-HCl buffer (pH 8.0-9.0) and Na 2 CO 3 -borate buffer (pH 9.0-11.0). Effect of temperature on the two enzymes was measured using 0.1 M borate buffer (pH 8.0) at different temperatures (30-60°C).
Estimation of molecular masses
The molecular masses of the two enzymes were determined both by gel-filtration using the method of Andrews 21 on Ultrogel AcA54 column or SDS-PAGE under reducing conditions according to the method of Weber and Osborn.
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Sodium dodecylsulfate-polyacrylamide gel electrophoresis and immunoblotting
Sodium dodecylsulfate-polyacrylamide gel electrophoresis under reducing conditions was performed in 10-20% gradient polyacrylamide gel according to the method of Laemmli 23 and stained with Coomassie Brilliant Blue R. Native-PAGE was performed using a 10% gel in a similar manner, except that the sample was not heat treated and the addition of SDS and reducing reagent was omitted. Immunoblotting was carried out as described. 24 Briefly, samples were first subjected to SDS-PAGE on a 10-20% gradient gel then transferred to clear blot membrane-p (ATTO, Tokyo, Japan). Non-specific sites were blocked with 3% (w/v) gelatin in Tris-HCl buffered saline (TBS, 20 mM Tris-HCl, pH 7.5, 0.145 M NaCl). The memamide (Boc-Phe-Ser-Arg-MCA), antipain, leupeptin, and other synthetic fluorogenic peptide substrates (MCA-substrates) were obtained from Peptide Institute (Osaka, Japan). p-Chloromercuribenzoic acid (pCMB), benzamidine, o-phenanthroline were products of Sigma Chemical Co. (St Louis, MO, USA). 4-(2-Aminoethyl)-benzenesulfonyl fluoride hydrochloride (Pefabloc SC) was from Merck (Darmstadt, Germany). Antipain, aprotinin, 5,5¢-dithiobis (2-nitrobenzoic acid) (DTNB), EDTA, soybean trypsin inhibitor (STI), bovine serum albumin were purchased from Wako Pure Chemicals Industries (Osaka, Japan). p-Tosyl-L-lysyl-chloromethylketone (TLCK) and p-tosyl-L-phenylalanyl-chloromethylketone (TPCK) were products of Nacalai Tesque (Kyoto, Japan). Protein standards for sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting were from Bio-Rad (CA, USA). Antibody raised against carp trypsin A in a rat was prepared in our laboratory. All other chemicals used were of reagent grade.
Activity towards MCA substrates
Routinely, the proteolytic activity was measured using Boc-Phe-Ser-Arg-MCA as a substrate. Appropriately diluted enzyme (100 mL) was added to 800 mL of 0.1 M borate buffer, pH 8.0. The reaction was immediately initiated by the addition of 100 mL of 50 mM substrate and incubated at 37°C for 10 min. To stop the reaction, 1.5 mL of the stopping agent (methyl alcohol : n-butyl alcohol : distilled water = 35 : 30 : 35, v/v) was added. The fluorescence intensity of the liberated 7-amino-4-methylcoumarin (AMC) was measured by a fluorescence spectrophotometer at an excitation wavelength of 380 nm and an emission wavelength of 450 nm. One unit of enzyme activity was defined as the amount of the enzyme to release 1 mmol of AMC/min.
Purification of trypsin A and trypsin B
All purification procedures were carried out at 4°C. Freshly defrosted carp hepatopancreas (200 g) was homogenized with fourfold (w/v) of 20 mM borate buffer, pH 7.5 by a polytron and centrifuged at 10 000 g for 20 min. The supernatant was fractionated with ammonium sulfate from 40% to 80% saturation and centrifuged. The resulting pellet was dissolved in a minimum volume of 20 mM borate buffer, pH 7.5, containing 50 mM NaCl. After dialysis against the same buffer, the sample solution was applied to a DEAE-Sephacel column which was equilibrated with the dialysis buffer. Cationic proteins were washed out in the unabsorbed fractions. After washing extensively to the absorbance at 280 nm reached the baseline, the column was eluted with a linear gradient of NaCl (0.05-0.5 M) and further washed with
brane was incubated overnight at room temperature using a 1 : 500 (v/v) dilution of the carp trypsin A immunoglobulin G (IgG). Bound antibody was washed with TBS containing 0.1% Tween-20 (TTBS). After incubation for 1 h with goat antirat IgG coupled to horseradish peroxidase (Bio-Rad), the membrane was further washed extensively with TTBS. Immunodetection was carried out following the detection procedure of Bio-Rad and developed with Konica (Tokyo, Japan) immunostaining HRP-1000 kit.
Analysis of amino acid composition and determination of the NH 2 -terminal amino acid sequences
The purified trypsin A was hydrolyzed in 6 N HCl for 24 h at 110°C in an evacuated, sealed tube. The amino acid composition of the hydrolysate was analyzed with an amino acid analyzer (model L-8500; Hitachi Co, Tokyo, Japan).
For determination of NH 2 -terminal amino acid sequence, purified trypsin A (100 pmol) was loaded on a ProSpin TM polyvinylidenedifluoride (PVDF) membrane cartridge (Applied Biosystems, USA) then directly subjected to sequencing using a Protein Sequencer (Applied Biosystems, model 492) with chemicals and the program supplied by the manufacturer. NH 2 -terminal amino acid sequence of trypsin B was determined in two ways. First, after SDS-PAGE under reducing conditions, the sample was electrophoretically transferred to a PVDF membrane (Millipore Corp., MA, USA), the two protein bands corresponding to 28.5 kDa and 28 kDa were cut off separately and subjected to sequence analysis, respectively. Second, trypsin B was applied to the sequenator for sequence analysis with the same method as trypsin A.
RESULTS
Purification
In the present study, two anionic trypsins (trypsin A and trypsin B) were purified from carp hepatopancreas in the ion-exchange chromatography of Q-Sepharose at the NaCl concentrations of 0.05 M and 0.1 M, respectively (Fig. 1) . Table 1 summarizes the purification result. Trypsin A was purified 1840-fold and trypsin B 3880-fold. Both trypsin A and trypsin B gave a single band on native-PAGE (Fig. 2a) . On SDS-PAGE under reducing conditions, trypsin A gave a single band with the molecular mass of 28 kDa while trypsin B showed two close bands with the molecular masses of approximately 28.5 kDa and 28 kDa (Fig. 2b) . Sodium dodecylsulfate polyacrylamide gel electrophoresis under non-reducing conditions gave the same result (data not shown). Immunoblotting analysis using the antibody directed against trypsin A also showed bands corresponding to molecular masses of 28 kDa to trypsin A and 28.5 kDa and 28 kDa to trypsin B, respectively (Fig. 2c) . In the estimation of molecular masses by gel-filtration on Ultrogel AcA54, trypsin A and trypsin B were eluted out nearly at the same elution volume corresponding to the molecular mass of approximately 29 kDa (data not shown).
Effect of pH and temperature
The pH dependence of trypsin A and trypsin B is shown in Fig. 3a . Both enzymes gave the maximal activity at a narrow pH range around 9.0. The two enzymes displayed acidic lability below pH 6.0. Trypsin A and trypsin B revealed optimum temperatures of 40°C and 45°C, respectively, when assayed at pH 8.0 (Fig. 3b) . Both enzymes lose activity quickly above 50°C.
Inhibitor and calcium susceptibilities
The effect of various proteinase inhibitors and calcium on the activity of trypsin A and trypsin B is summarized in Table 2 . Both enzymes were greatly suppressed by trypsin inhibitors such as Pefabloc SC, STI, aprotinin, leupeptin, and TLCK. Trypsin A and trypsin B demonstrated similar inhibitor susceptibilities except the activity of trypsin A was suppressed by a chymotrypsin inhibitor (TPCK) to 50%, while that of trypsin B was while trypsin B cleaved Boc-Asp(OBzl)-Pro-Arg-MCA the most. Two chymotrypsin substrates (Suc-Leu-LeuVal-Tyr-MCA and Suc-Ala-Ala-Pro-Phe-MCA) and one aminopeptidase substrate (Arg-MCA) were not affected.
Amino acid composition analysis and comparison of the NH 2 -terminal amino acid sequence with other trypsins
The amino acid composition of trypsin A was analyzed. The contents of glycine, tyrosine and alanine remained different. The result was similar to that of carp trypsin up to 91%. Metalloprotease inhibitors of EDTA and ophenanthroline did not affect their activities. Both enzymes were not activated or stabilized by calcium, suggesting that trypsin A and trypsin B were calciumindependent enzymes.
Substrate specificities to various MCA-substrates
The hydrolysis of various MCA-substrates by trypsin A and trypsin B is shown in Table 3 . Substrates containing arginine or lysine at P 1 site were preferred. Trypsin A hydrolyzed Boc-Leu-Ser-Thr-Arg-MCA most rapidly, as reported by Cohen et al. 16 (Table 4) . Trypsin A and trypsin B were determined to the 37th and 40th amino acid residues, respectively. The two protein bands of trypsin B on SDS-PAGE (Fig. 2) were sequenced separately and the result revealed that their NH 2 -terminal sequences were identical. Sequencing analysis of trypsin B using solution sample also gave the same result. Figure  4 shows the comparison of the NH 2 -terminal amino acid sequences of the two enzymes with that of carp MBP, 19 and trypsins from dog, 2 rat, 25 porcine, 26 bovine, 3, 27 dogfish, 28 and Atlantic cod. 14 Among them, trypsin A and trypsin B exhibited the highest homology and they also shared high identities to carp MBP and other trypsins. The sequences of trypsin A and trypsin B were Purified trypsin A and trypsin B were pre-incubated with each chemical in 50 mM borate buffer (pH 8.0) at room temperature for 20 min. Remaining activity was determined. Control tests were performed under identical conditions in the absence of chemicals. Aspartic acid  27  27  Threonine  10  10  Serine  21  22  Glutamic acid  27  26  Proline  9  9  Glycine  25  28  Alanine  12  14  Cysteine  ND  12  Valine  19  18  Methionine  6  5  Isoleucine  11  10  Leucine  13  12  Tyrosine  11  8  Phenylalanine  5  4  Histidine  6  6  Lysine  9  10  Tryptophan  ND  8  Arginine  6  7 ND, not determined. a The result was reported by Cohen et al. 16 different from any known protein or gene product sequence in the SwissProt and GenBank databases, suggesting that trypsin A and trypsin B are new members of the trypsin family. In addition, the residue of His-40 in trypsin B was presumed to be one of the three principal amino acid residues (the others are Asp and Ser) which comprise the active site of serine proteinase.
DISCUSSION
Two anionic trypsins were purified from the hepatopancreas of carp in the present study. As can be seen in Table  1 , the total enzyme activity of both enzymes increased markedly in the process of dialysis after ammonium sulfate fractionation, which was supposed to be due to the fully self-activation of trypsinogen to trypsin. Previously, Cohen et al. reported the activation of carp pancreatic trypsinogen to its active form at 28°C for 20 h in the presence of 10 mM CaCl 2 . 16 In the present study, the activation was carried out at a much lower temperature (4°C) in the absence of calcium.
In the purification of trypsin, calcium was commonly used for the process, which presumably stabilized its structure and retarded autolysis. 27 However, some researchers also found that calcium did not show effect in enhancing the stability of trypsins from marine species such as sardine, 8 capelin, 9 and krill. 29 The trypsins purified in the present study also showed the calciumindependent characteristic.
On native-PAGE, both trypsin A and trypsin B gave a single band, while on SDS-PAGE, trypsin A gave one band and trypsin B showed two close protein bands. Interestingly, the NH 2 -terminal amino acid sequences of the two bands of trypsin B as determined to the 40th amino acid residue were identical. A similar result was also reported in a trypsin-like serine proteinase (Prostasin) from human seminal fluid and the difference of carbohydrate content was supposed to be the cause of the heterogeneity in molecular mass. 30 However, in the present study, it seems more reasonable to assume that the lower protein band (28 kDa) of trypsin B was a product degraded from the upper protein band (28.5 kDa) by an autolytic cleavage at the COOHterminal. Because only a single band was detected on native-PAGE, these results suggested the possibility that the surface charge of trypsin B is not changed by the autolytic cleavage and that the COOH-terminal of the enzyme most likely exists in the folded internal domain. This autolysis was supposed to be performed in vivo, as no change in protein band could be identified by SDS-PAGE when purified trypsin B was stored at 0°C, pH 7.5, even for 30 days (data not shown). In order to elucidate the molecular mass heterogeneity in trypsin B, it is necessary to determine the complete primary sequence of the enzyme by a method such as cDNA cloning.
Trypsin A and trypsin B were effectively inhibited by serine protease inhibitors, such as Pefabloc SC, STI and aprotinin. Chymotrypsin inhibitor TPCK also inhibited the two enzymes to considerable degrees (50% to trypsin A and 91% to trypsin B). However, the substrate specificities showed that only substrates containing arginine or lysine at P 1 position were cleaved, while two chymotrypsin substrates were not at all affected. It is obvious that the two enzymes are trypsins. The molecular masses of trypsin A and trypsin B were estimated as 28-28.5 kDa both by SDS-PAGE and gelfiltration. Similar results can also be found in trypsins or trypsin-type serine proteinases from capelin, 9 krill, 29 crab 31 and carp muscle. 18 Gendry and Launay 32 have reported such 30 kDa for pancreatic trypsins from rat, pig, dog and cow in detail.
In the present study, trypsin A was purified to homogeneity, trypsin B, on the other hand, revealed two close protein bands on SDS-PAGE and they showed the same NH 2 -terminal amino acid sequence. The trypsin identified by Cohen et al., 16 with the molecular mass of approximately 25 kDa, remains different from carp trypsin A and trypsin B in molecular mass and calcium dependence. Cohen et al. also indicated that the trypsin identified by them was actually composed of four homogeneous enzymes based on the results of native-PAGE and amino acid composition analysis. 16 Although we are not sure if the carp Cyprinus carpio used by them was of the identical fish species as used in the present study, it is evident that at least two trypsins coexist in carp hepatopancreas.
The NH 2 -terminal amino acid sequences of trypsin A and trypsin B exhibited high similarities with trypsins from dog, 2 rat, 25 porcine, 26 bovine, 3, 27 dogfish, 28 and Atlantic cod.
14 They also showed high identity to a trypsin-type myofibril-bound serine proteinase (MBP) from carp muscle. 19 The highest homology was found between trypsin A and trypsin B and the antibody raised against trypsin A positively reacted with trypsin B, suggesting the possibility that they were genetically evolved from a common ancestor. Although the two trypsins showed high identities to carp MBP and other trypsins, they were not identical. This result together with their substrate specificities and susceptibilities to inhibitors ensured that we conclude that trypsin A and trypsin B are new members of the trypsin family.
